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Abstract
Recently, three antineutrino experiments at Daya Bay, Double Chooz, and
RENO measured the neutrino mixing angle θ13, each using a nuclear reac-
tor power plant. However, significant discrepancies were found, both in the
absolute flux and spectral shape. In the reactor, the neutrons have a range
of energies, with different neutron energies generating different fission yields.
The different fission yields may be the reason for the antineutrino spectrum
discrepancies. In our study, the neutron spectrum has been analyzed to un-
derstand the possible reasons for the discrepancies. In comparing results
from the Huber–Muller model, we found that a spectral bump appears in
the energy region from 5–7 MeV. Nevertheless, the differences between the
average antineutrino spectrum and the only-thermal antineutrino spectrum
are small. That is, they are unable to account for this bump. However, in
the energy region of 7–8 MeV, the neutron flux induces a decrease in the an-
tineutron flux, and therefore, the distribution of the antineutrino spectrum
is affected, especially in the high-energy region.
Keywords: reactor neutrino experiment, uncertainties analysis, fission
fraction, spectral anomaly
1. Introduction
Recently, three antineutrino experiments at Daya Bay[2], Double Chooz[1],
and RENO[3] measured the neutrino mixing angle θ13. However, significant
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discrepancies were found, both in the absolute flux and spectral shape. The
discrepancies in the absolute flux were collectively called the ”reactor neu-
trino anomaly”, which first appeared in print by Mention and colleagues[4].
For the antineutrino spectral shape, a 2.9σ deviation was found in the mea-
sured positron energy spectrum of the inverse beta decay compared with
predictions. Specifically, an excess of events at energies of 4–6 MeV was
found in the measured spectrum [5, 6, 7], with a local significance of 4.4σ.
These results have made it obvious that neutrino fluxes are not as well un-
derstood as had been thought. At present, the physical processes giving rise
to the neutrino spectral bump is unclear. Much effort has been spent on the
reactor antineutrino anomaly, which arose from improved calculations of the
antineutrino spectra derived from a combination of information from nuclear
databases referencing β spectra[8, 9, 10, 11].
In essence, two approaches were applied to estimate the antineutrino spec-
tra. One is called the ”β− conversion”. The energy spectra of the β− from
beta decay were measured to estimate the corresponding ν¯e emission for the
fissile isotopes 235U, 239Pu, and 241Pu from ILL reactor in the 1980s[9, 10, 11].
More recently, a similar measurement was made for 238U[12]. For a sin-
gle measured β− decay spectrum, the corresponding ν¯e spectrum can be
predicted with high precision. The other method is called the ”ab initio
method”. Using the measured β− decay parameters and fission yields of the
nuclear library, the antineutrino spectra of each isotope can be evaluated by
summing each measured β− spectra of the fission daughters[13, 14, 15]. This
introduces uncertainties of a few percent in the corresponding predictions of
such calculations. The antineutrino spectrum and flux vary with fuel bur-
nup, and a recent study on the evolution of the reactor antineutrino flux and
spectrum at Daya Bay[16] has shown that a 7.8% discrepancy between the
observed and predicted 235U yields suggests that this isotope may be the pri-
mary contributor to the reactor antineutrino anomaly. The impact of fission
neutron energy on reactor antineutrino spectra were also studied in [17], but
no spectral effect concerning the spectral bump is given. In this study, the
fission fraction variation with burnup was taken into account and a calcula-
tion method of the average cumulative fission yield was proposed to calculate
the antineutrino spectrum. We discuss a calculation of the ν¯e spectrum from
the nuclear JENDL3.1 database. Besides the nuclear database, the fission
yield of each isotope is also needed. The fission yield data are taken from
ENDF/B-VII.1 library. The ab initio approach was applied and about 1100
isotopes nuclear data were used.
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In Sec. 2, we describe the reactor simulation used in the study and present
the fission yield difference relevant to the fission neutron energy. In Sec. 3,
we describe how to calculate the antineutrino spectrum using the nuclear
databases. In Sec. 4, the method to calculate the average cumulative fis-
sion yield is proposed taking into account the fast neutron fission fraction
contribution. An analysis of the antineutrino spectrum ratio obtained from
the Daya Bay experiment measurements by taking into account fast neutron
fission was performed, and no spectral bump was found. However, when
compared with that of the Huber–Mueller model, a bump at 5–7 MeV was
found. The differences in the antineutrino spectrum comparted with the
neutron spectrum are small, and therefore neutron spectrum cannot be the
main reason for the bump. These results are discussed in Sec. 5. The last
section presents a summary.
2. Neutron spectrum
Most of the reactor neutrino experiments are using a pressurized water
reactor (PWR) as a neutrino source. The neutron energy distribution in the
reactor is called the neutron spectrum, and different types of reactors have
different neutron spectra. The neutron spectra of a PWR, a sodium fast
reactor, and a lead-cooled fast reactor are shown in Fig. 1.
Most neutrons are observed to have high energies in the sodium and lead-
cooled fast reactors. However, there are also many fast neutrons in the PWR
that come from fission. The fission in the PWR core mainly comes from four
isotopes, 235U, 238U, 239Pu, and 241Pu, and the total fission fraction of each
of the four isotopes is more than 99%. Typically, the total fission fractions
of 235U and 239Pu are more than 80%.
The fission yields are different because of the different neutron-energy-
induced fission reactions. The differences in thermal and fast neutrons for
235U and 239Pu are shown in Figs. 2 and 3. These differences appear at atomic
numbers from 105 to 130, and the trend for 235U is the same as 239Pu.
In regard to the Daya Bay neutrino experiment, the power plant is a 990-
MWe (electric power) reactor designed with three cooling systems (Fram-
atome Advanced Nuclear Power, France). There are 157 fuel assemblies in
the reactor core, each assembly having a 17×17 design for a total of 289 fuel
rods. The enrichment of 235U in the fuel for a one-and-a-half year refueling
cycle is 4.45%. They are all typical PWRs.
3
1 0 - 8 1 0 - 7 1 0 - 6 1 0 - 5 1 0 - 4 1 0 - 3 1 0 - 2 1 0 - 1 1 0 0 1 0 10 . 0
0 . 1
0 . 2
0 . 3
0 . 4
 P W R S F R L F R
Neu
tron
 flux
 pe
r le
tha
gy
N e u t r o n  E n e r g y  ( M e V )
Fig. 1: Neutron spectra for pressure water reactor (PWR), sodium fast reactor (SFR),
and lead-cooled fast reactor (LFR)
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Fig. 2: Comparing cumulative fission yield differences between thermal and fast neutrons
for 235U
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Fig. 3: Comparing cumulative fission yield differences between thermal and fast neutrons
for 239Pu
3. Calculation of isotope antineutrino spectrum
The ab initio method for calculating the isotope antineutrino spectra are
presented in [13,16,17]. For a system in equilibrium, the total antineutrino
spectrum is given by
S(Eν¯) =
N∑
i=1
FPi
M∑
j=1
fijSij(Eν¯) (1)
where FPi is the cumulative fission yield, fij the branching ratio to the
daughter level with energy Ee, and Sij(Eν¯) the antineutrino spectrum for
a single transition with endpoint energy Eν¯ = E0 − Ee. The beta-decay
spectrum Sij(Eν¯) for a single transition in the nucleus (Z,A) with end-point
energy E0 is
S(Ee, Z, A) = S0(Ee)F (Ee, Z, A)C(Ee)[1 + δ(Ee, Z, A)], (2)
where S0(Ee) = G
2
FpeEe(E0 − Ee)/2pi3, Ee(pe) is the electron total energy
(momentum), F (Ee, Z, A) the Fermi function needed to account for the
Coulomb interaction of the outgoing electron with the charge of the daughter
nucleus, and C(Ee) a shape factor for the forbidden transitions arising from
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additional electron momentum terms. The term δ(Ee, Z, A) represents a frac-
tional correction to the spectrum. The primary corrections to the beta-decay
analysis are radiative δrad, finite size δFS, and weak magnetism δWM . For the
allowed transitions C(Ee) = 1, the radiative, finite size, and weak magnetism
corrections are taken from [18]. For the forbidden transitions, the shape fac-
tor and fractional weak magnetism corrections are taken from [14]. In the
present work, the cumulative fission yields are taken from the ENDF/B-VII.1
library[21]. The decay data are taken from a version of JENDL-3.1[19].
4. Average cumulative fission yield calculation method
Fission products yield libraries based on evaluated nuclear data in the
endf-6 format may be compiled for particular regions of a core with a lo-
cal neutron spectrum or an entire core with an average neutron spectrum.
Data on the yield of the ith fission products FPi(Ek) for a prescribed neu-
tron energy range Ek are chosen for each actinide from a base set. The
total number of nuclides—fission products in the initial, standard, nuclear
data files—ranges from 800 to 1700. In ENDF/B, the fission-product yield
is usually presented for the thermal point E1 =2.53 ×10−8 MeV, the average
point of the neutron fission spectrum E2=0.4 MeV or E2=0.5 MeV, and the
energy Emax ∼ 14 MeV. This three-group representation gives a non-unique
representation of the yield in a neutron energy range and is important for
the antineutrino spectrum calculation[22]. In this study, the average cumu-
lative fission-product yield in prescribed energy intervals of the spectrum is
calculated for a selected nuclide, specifically,
< FPi >=
∑
k
CkFPi(Ek), (3)
where the coefficients Ck reflect the distribution of the number of fissions of
a prescribed nuclide in the spectrum of the region under study. Here,
Cthermal =
∫ E1
0
dEφ(E)σf (E)∫ Emax
0
dEφ(E)σf (E)
(4)
Cfast =
∫ Emax
E1
dEφ(E)σf (E)∫ Emax
0
dEφ(E)σf (E)
(5)
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Table 1: Average fission fraction of the four isotopes (%)
235U 238U 239Pu 241Pu
fast neutron 13.4 7.5 2.84 0.91
thermal neutron 44.38 0.0 26.32 4.46
total 57.78 7.5 29.17 5.37
Cfast 23.18 100.0 9.75 16.89
Cthermal 76.82 0.0 90.25 83.11
where E1 is the boundary energy between a thermal group neutron and a
fast group neutron. From Eqs. (4) and (5), the average fission-product yield,
Eq. (3), is written
< FPi >= CthermalFPi(E1) + CfastFPi(E2). (6)
To calculate the coefficients Cthermal and Cfast for each isotope, the fission
fraction of the four isotopes with thermal and fast neutrons were calculated
for a typical PWR using the SCIENCE code system[2, 5, 23], which is used in
the Daya Bay neutrino experiment reactor simulations. Fig. 4 shows the ther-
mal neutron and fast neutron fission fraction as a function of cycle burnup.
The thermal neutron fission fraction is clearly larger than that of fast neu-
trons for 235U, 239Pu, and 241Pu. However, for 238U, the results are contrary.
From Fig. 4, the average thermal and fast fission fractions and the thermal
and fast coefficients were obtained (see Table 1). The fast neutron fission
yield is seen to have importance for 235U and 241Pu, and its contribution is
about 23.18% for 235U. Applying the thermal and fast neutron coefficients,
the average fission-product yields of 235U, 239Pu, and 241Pu were obtained
and they were compared with the thermal fission-product yields of Figs. 5,
6, and 7. There are in evidence large differences in the low, middle, and high
atomic number regions. However, in these regions, the fission-product yields
are always small. In this calculation, we did not take into account contri-
butions from 238U because its fast neutron coefficient is 100% and does not
contribution to the bump because of the neutron spectrum. Muller’s 238U
spectrum was used when calculating the total antineutrino spectrum.
5. Bump analysis of the neutron spectrum
Recent measurements of the positron energy spectra from ν¯e inverse beta
decay (ν¯e + p → e+ + n) show an excess from 4 to 6 MeV, which corre-
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Fig. 4: Thermal and fast neutron fission fraction vs cycle burnup
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Fig. 5: Average fission yield distribution of 235U
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Fig. 6: Average fission yield distribution of 239Pu
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Fig. 7: Average fission yield distribution of 241Pu
9
2 3 4 5 6 7 8
1 0 - 3
1 0 - 2
1 0 - 1
1 0 0  T h e r m a l A v e r a g e
A n t i n e u t r i n o  e n e r g y ( M e V )
0 . 7
0 . 8
0 . 9
1 . 0
1 . 1
1 . 2
dN v
/dE
v(fis
sion
-1 M
eV-
1 )
2 3 5 U
 A v e r a g e / t h e r m a l  r a t i o
Ave
rag
e/th
erm
al r
atio
Fig. 8: Antineutrino spectrum of 235U and the average-to-thermal ratio
sponds to an excess of ν¯e spectra from 5 to 7 MeV because of the kinematic
relationship Eν¯e ∼ Ee+ + 0.8 MeV. Using the average fission yield, the an-
tineutrino spectra of 235U, 239Pu, and 241Pu were calculated and they were
compared with that of the only-thermal neutron fission yield. The spectral
ratio of the average fission yield to the thermal fission yield of 235U, 239Pu,
and 241Pu are shown in Figs. 8, 9, and 10, respectively. There is no obvious
excess from 5 to 7 MeV for these isotopes. However, the average-to-thermal
ratio for 235U decreases with increasing antineutrino energy, the ratio being
about 0.925 at energy 8.0 MeV. The spectra and the average-to-thermal ra-
tio (Fig. 11) show that the average-to-thermal ratio from the DayaBay data
has no bump in the energy region 5–7 MeV. However, for the ratio obtained
from the Huber–Muller model, a bump appears; these results are also found
in [24]. Uncertainties in the average-to-thermal ratio for the Daya Bay data
are only taken into account in the uncertainty for fission yields of each iso-
tope, and the Monte Carlo method is applied in propagating the error of
fission yields. The differences in the ratio between using thermal fast aver-
age fission yield and the only-thermal fission yield are small, and therefore,
the neutron flux cannot be responsibility for the bump. Nevertheless, it will
affect the distribution of the antineutrino spectrum, especially in the high
energy region.
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Fig. 9: Antineutrino spectrum of 239Pu and the average-to-thermal ratio
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Fig. 10: Antineutrino spectrum of 241Pu and the average-to-thermal ratio
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Fig. 11: Total antineutrino spectra and spectra obtained from the different models
6. Conclusion
At present, it is not clear what physical processes give rise to the neutrino
spectra bump. Much attention has been focused on the reactor antineutrino
anomaly, which arose from improved calculations of the antineutrino spec-
tra derived from nuclear databases. In this study, the question of whether
the bump arises from the neutron spectrum was studied, and the ab initio
method was applied to calculated the antineutrino spectrum based on the
updated nuclear database. To calculate the average fission yield, the fission
rate was used as a weight function. The bump appears when comparing the
results obtained with Huber–Mueller’s model for both the thermal fast aver-
age fission yield and the only-thermal fission yield. These results were also
found in a previous study. The differences between the average antineutrino
spectrum and only-thermal antineutrino spectrum are small, which cannot
be responsibility for the bump in the energy region from 5–7 MeV. However,
the neutron flux does affect the total antineutrino spectrum distribution,
especially in the high-energy region.
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